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The  deformation  behavior  of  niobium  - liy'lro<jen  alloys  was 
inveHfiqated  in  the  tenip**raturo  riinqe  l2!>"i>00C  and  at  composi- 
tions up  to  H/Nb  of  0.9.  Hiqh  tomperaturo  tensile  tests  and 
f ractoqraphic  studies  were  applied  to  determine  the  fracture 
mechanisms.  It  is  shown  that  at  T ^ 4*5(?C«3nd  H/Nb  >0.3  frac- 
ture occurs  by  a cleavaqe  mode.  The  mechanism  of  this  hiqh 
temperature  hydroqen  embrittlement  is  discussed.  The  fracture 
mechanism  is  shown  to  be  consistent  with  the  stress  induced 
formation  and  cleavage  of  NbU2. 
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1 . 

The  c-t  feet  of  hytirfujen  om  the  low  t e.vp-jr.U  ure  r:ech  in  ic.i  1 
proper tif“s  and  fracfurt*  of  the  (Iroup  vb  transitifrn  metals  has 
been  ('X  tens  ive  I y rf?portC‘d  in  the  1 i tercitiir**  (1).  ffxper  i inenta  I 
studies  have  qeneraily  been  carried  out  in  a temperature  and 
composition  ranqe  where  the  solubility  ot  hydroqen  is  limited 
by  the  precipitation  of  a hydride  frhase  in  equilibrium  with 
the  solid  solution.  In  two  previous  publications  (2,3)  it 
has  been  shown  the  hydroqen  embrittlement  in  the  Nb-H  system 
under  these  conditions  is  caused  bv  precipitation  and  cleavaqe 
of  a stress  induced  brittle  hydiiJe.  It  was  also  demonstrated 
that  the  Nb-H  solid  solution  is  inherently  ductile  and  fails 
in  a ductile  mode  unless  stress  induced  brittle  hydride  form- 
ation intervenes. 

Few  studies  (‘1)  of  the  effect  of  hydroqen  on  mechanical 
properties  have  been  carried  out  at  elevated  temperatures  and 
hiejh  hydroqen  concentrations  where  hydrides  are  not  considered 
to  be  stable.  The  present  paper  reports  the  results  of  such  a 
study  in  the  Nb-H  system  at  temperatures  in  the  ranqe  1 30  C to 
500  C and  at  hydroqen  concentrations  as  hiqh  as  H/Nb  = 0.93. 

The  Nb-H  phase  diagram  (5)  indicates  that  this  region  of  the 
phase  diagram  corresponds  to  a solid  solution,  a' . 

2.  EXPERIMENTAL  PROCEDURE 

Tensile  specimens  having  a gage  length  of  1.8cm  and  a width 

of  0.5cm  were  machined  from  0.1  cm  thick  polycrystalline  Nb 

sheet.  They  were  given  a high  temperature  anneal  at  2000  C at 
-4  -6 

5.3  X 10  Pa  (4  X 10  torr)  which  produced  an  average  grain 


s;  i /.o  f)f  about  0.  $ I'ln  atifl  Lh<*  impurity  conoiuit  rut  ioti;;  'jivcn 
in  Table*  I.  Hyclro'ion  cf)nc<'nt  rat  ionu  w<to  dot  ^'rni  not!  by  vacuum 
c'Xt  ract  ion  and  bv  v/ciqhinq  after  t,c:nsil<^*  testinq. 

Ilydroqen  charejinej  was  performetl  in-r.itu  in  p OHV  tonsilo 
furnace  nountod  on  an  Insfcron  tostinq  machine.  This  allowed 
tensile  testinq  in  the  temperature  range  20-1000  C in  a hydro- 
gen atmosphere  whose  pressure  was  equilibrated  with  the  de- 
sired composition  and  without  cooling  through  phase  boundaries. 

After  evacuation  to  1 x 10  ^ Pa  (5  x lO”^  torr)  hydrogen, 
which  was  purified  by  diffusion  through  a Pd-Aq  membrane,  was 
introduced  and  the  specimen  was  heated.  The  hydrogen  pressure 
was  adjusted  to  maintain  the  desired  H/Nb  during  tensile  test- 
inq and  during  cooling  after  testing.  Test  temperatures  were 
controlled  to  + 0.5  C using  a Pt-Pt  131  Rh  thermocouple  mount- 
ed next  to  the  specimen.  The  tensile  parameters  were  obtained 
from  the  Instron  chart  recording  with  the  strain  to  failure.  The 
strain  to  failure,  was  defined  as  the  tensile  elongation  to  frac- 

ture and,  the  yield  stress  was  defined  by  the  deviation  from  the 
clastic  loading  line. 

3.  EXPFRT.MRNTAL  RESULTS 

The  general  fracture  behavior  of  the  high  concentration 
Nb-H  alloys  is  shown  in  Fig.  1 as  a function  of  H/Mb  and  temp- 
erature. Below  about  300  C a relatively  temperature  insensi- 
tive ductile  to  cleavage  fracture  transition  is  observed  at 
a critical  hydrogen  concentration  of  H/Nb  - 0.3.  At  higher 
temperatures  a higher  concentration  is  required  to  cause 
cleavage  fracture  while  at  T > 450  C a completely  ductile 
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T.iblo  I 

I Andly:;!.';  of  Niobiun  Spt‘rin»?ns 


Impurity  Solute 

Concentration* (at.  pnm) 

S 

4.0 

Ti 

0. 1 

V 

0.2 

Cr 

0.04 

Mn 

0.03 

Fo 

0.03 

Cu 

0.1 

Zn 

0.06 

Zr 

0.06 

Mo 

0.4 

Ta 

10.0 

W 

5.0 

0 

63-140 

N 

330-465 

C 

40-90 

tMetallic  impurity  levels  were  determined  by  mass  spectro- 
meter analysis.  O,  N and  C levels  were  determined  by 
vacuum  fusion  methods. 


fr.icturo  behavior  is  oliservecl  for  fiytlroqen  concentrations  .is 
fiiaii  as  H/Nb  = 0.87, 

The  macroscopic  strain  to  failure  decreases  as  the  H/Nb 
increases  and  as  the  temperature  decreases  a.s  shown  in  Fiq.  1. 
Alloys  within  the  region  indicated  by  "cleavage**  fail  by  a 
cleavage  mode  despite  the  high  macroscopic  ductility  observed 
for  alloys  near  the  "ducti le-cleavage"  boundary.  The  transi- 
tion in  the  fracture  mode  is  quite  abrupt  as  evidenced  by  the 
change  in  fracture  mode  which  results  from  only  a small  in- 
crease in  H/Nb  or  decrease  in  temperature  (Fig.  1).  A few 
Nb-D  alloys  were  tested  (Fig.  1)  with  results  similar  to  those 
observed  for  the  Nb-H  alloys.  Similarly,  alloys  prepared  from 
heavily  cold  rolled  Nb  sheet  exhibit  the  same  types  of  frac- 
ture behavior  as  the  annealed  specimens  (Fiq.  1)  despite  the 
much  higher  macroscopic  fracture  stresses. 

In  a number  of  respects  the  hydrogen  related  fractures 
at  high  temperature  are  similar  to  those  observed  at  low 
temperatures.  In  particular,  the  observation  of  cleavage 
fracture  in  alloys  which  exhibit  large  values  of  strain  to 
failure  is  noted.  The  dependence  of  the  fracture  i..odG  on 
H/Nb  at  300  C is  shown  in  Fig,  2.  Figure  2a  illustrates  the 

ductile  fracture  mode  and  complete  "necking"  to  lOOo  R.A. 

which  is  characteristic  of  specimens  having  concentrations 
H/Nb  < 0.26.  Slightly  increasing  the  hydrogen  concentration 
to  H/Nb  = 0.30  causes  a marked  change  in  the  fracture  mode  to 

cleavage  (Fig.  2b)  despite  the  IS'L  strain  to  failure.  At 


hvirf>‘HMi  c'oncont  ra*  ioris  t>f  ll/Nh  0.7  an'l  ll/Nb  0 . 0 J (Fitju.  2c 
at!>l  2vl)  the  failure  mode  i cle.»va»|e  and  the  macro:;cf»{»ic  strain 
to  failure  is  <freatlv  «leerea.serl  (to  < I’). 

The  cloav.jqe  - ductile*  fracture  transition  oti  incroasinq 
the  temperature  is  also  abrupt  as  illustrated  in  Fiqs.  1 and  3 
for  H/Nb  = 0.7.  Increasinq  the  temperature  from  130  C to  300  C 
had  little  effect  on  the  macroscopic  strain  li)  or  on  the 
microscopic  fracture  behavior,  the  failure  mode  being  cleavage 
(Figs.  3a-d)  . On  further  iner<*asing  the  temperature  to  400  C, 
the  macroscopic  strain  to  failure  was  increased  to  5.4%,  al- 
though the  fracture  mode  remained  cleavage  (3o).  Increasing 
the  temperature  to  450  C leads  to  a complete  return  of  ducti- 
lity in  both  macroscopic  strain  and  in  microscopic  failure 
mode  (Fig.  3f)  as  the  sptfc fails  by  ductile  necking. 

Fractoqraphic  studios  indicate  that  crack  propagation  occurs 
transqranular ly  along  the  lllO]  (referred  to  the  b.c.c.  a' 
unit  coll).  When  the  liJOj  fracture  plane  is  approximately 
normal  to  the  tension  axis  the  fracture  surfaces  are  quite 
flat  and  planar  (Figs.  2c  and  3b  and  d)  while  more  highly 
faceted  cleavage  is  observed  for  less  favorably  inclined 
(llOj  planes  (Fig.  3c  and  c) . The  appearance  of  "splinters" 
and  secondary  cracking  on  fracture  surfaces  is  similar  to 
that  observed  in  low  temperature  fracture  of  Nb-H  alloys  (2,3) 
and  is  consistent  with  fracture  through  brittle  phases  of  ap- 
preciable thickness. 

The  fracture  surface  energy  of  oriented  single  crystal 
specimens  having  H/Nb  = 0.81  and  tested  at  138  C v/as  determined 


for  both  Lho  LllO]  and  tlOOj  fraotiiro  planc;s.  Tht*  crystals 
were  tested  in  three  point  betiding  with  the  maxinum  tmitiile 
stress  being  perpendicular  to  the  tlosired  riticturc  plane.  The 
sp<‘cimens  were  pre-cracked  using  a spark  discharge  tochnigue  and 
the  values  of  the  critical  stress  intensity  factor  and  the  sur- 
face energy  shown  in  Table  II  were  determined  using  linear 

elastic  fracture  mechanics.  The  cleavage  surface  was 

planar  while  the  ilOOj^  was  highly  faceted  as  shown  in  I'ig.  4. 

The  cleavage  fractures  were  not  accompanied  significant  deform- 
ation as  indicated  by  the  electron  channel  patterns  (Figs.  4c 
and  d)  obtained  from  the  cleavage  surfaces.  Those  patterns, 
v;hich  were  obtained  using  200kV  electrons,  are  indicative  of 
plastic  strain  being  less  than  about  2%  within  1000  A of  the 
cleavage  surface.  The  values  for  the  [lOO]  cleavage  surface 
energies  are  high,  in  part  due  to  the  highly  faceted  surface 
and  the  concommitant  underestimate  of  the  surface  area. 

4.  DISCU.SSION 

A number  of  mechanisms  have  been  nror)'>sed  to  account  for 
hvdrogen  embrittlement.  In  hvdrocjon  solid  solutions,  a "lattice 
docohesion"  model  based  on  the  concent  that  hvdrocien  lowers  the 
"cohesive  energy"  of  the  metal  matrix  has  been  suggested  bv 
Troiano  and  developed  bv  Oriani  (7,8).  This  postulated  de- 
crease in  the  strength  of  the  atomic  bonding  due  to  hydrogen 
is  consistent  with  our  observation  of  a sharp  ductile  - cleav- 
age transition  at  about  H/Nb  « 0.30.  The  mechanism  is  however 
in  direct  contradiction  to  the  measured  cleavage  surface  energies 
about  10.8  J/m  for  the  observed  [llO]  fracture  plane. 
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Tal>le  II  Kfft'ctivc  Fracturo  nurfaco  I*noni<*s 

Cloavagf*  2 

Plano  ^ 

[110]  10*8  1 0*5 

I 100]  32.2+0.7 


Th  r.  Viiluo  of  the*  surf.icc*  'thtmv  is:  in  * li.-  r.in'i-*  iK>rri  illv 
(“XfH'ftt'd  for  ii.c.c.  metals  i r>  the  alis<*rKr«:  of  hv'lr<»fj<*n  ' ^ 

and  suM^osts  that  no  s iqni  f icant  ro<l»ict  ion  of  Mirfac*  onorqy 
occurs  even  at  the  very  hi<jh  M/?;b  alloys  tofsled. 

The  conclusion  that  atomic  bondiraj  in  not  r<*ducod  by  H 
in  solid  solution  is  support<*d  by  recent  neutron  scattcrinq 
measurements  ^ ^ ^ which  have  shown  th.it  deuterium  increases 
th('  phonon  frecjnencies  in  both  the  lorujitudinal  and  tr.ins- 
vorse  .icoustic  fihonon  br.inches  of  the  dispersion  curves  for 
b.c.c.  metals.  The  increased  phonon  frequencies  despite  the 
very  large  volumes  of  solution,  suqqest  increases  in  the  lat- 
tice* force  constants  due  to  the  deuterium  rather  than  the 

decreases  postulated  in  the  "docohesion"  model.  ra<|lioti 
(12) 

et  a I have  related  the  fracture  surface  energy  to  the 

longitudinal  phonon  fr€?quency  at.  the  Hrillouin  /.one  boundary. 

The  increases  in  these  frequencies  which  are  observed  on  alloy- 
ing Nb  with  deuterium  suggest  an  increase  in  atomic  bond  strength 
and  surface  energies  and  therefore  indicate  that  the  observed 
embrittlement  is  not  related  to  v;cakoninq  of  ^^t.op^ic  bonds. 

It  is  also  unlikely  that  the  high  temperature  embrittlement 
can  be  accounted  for  by  solid  solution  strcr.gthoni  nq  i.o.  by 
an  increase  in  "notch  sensitivity."  Only  a small  increase  in 
yield  strength  is  observed  as  the  hydroge.o  concentration  is 
increased  (Fig.  5)  and  in  the  lov/er  concentrations  no  increase 
occurs.  This  is  in  contrast  to  solid  c.olution  strengthening 
which  is  usually  manifested  at  the  low  concentrations.  Since 


f hf‘  h iqh  hydroq**!)  diffiisivitv  .illows  fjoliito  Pt«.'5(<h<-rr*;i  to 
(it  Iff  .ilonq  with  rri'ivinq  <1  in  locMf  i'ui;:  at  vclociticn  an  hiqh  an 
tv.i)  ru'Lors/net' ^ a I fnc»nf)hercK  raniiot  'htvi*  »in  of  J (icf  i v^-  dis- 
Icjf.ition  oiistacion.  Moroovor , Nh  nfuicimons  st  ron<jth<*nc‘d  by 
colli  work  had  th*’  name  fr.ictvire  behavior  as  well  anneali-d 
specimens  (Pi(f.  1)  sutjqestiny  that  solid  solution  strcnqthen- 
inq  is  not  the  direct  cause  of  the  hiyh  temperature  embrittle- 
ment observed. 

The  qeneral  fracture  behavior  observed  in  the  hiqh  temper- 
ature N'b-H  alloys  can  be  accounted  for  by  the  stress  induced 

precipitation  and  cleavaeje  of  (f!bn2)  hydride  at  the  advancinq 

(2  3) 

crack  front  in  a manner  analoqous  to  the  mochariisn  described  ' 
for  the  low  temperature  fracture  behavior  of  Nb-H  alloys.  In 
this  mechanis  "i,  clcavaqe  occurs  and  terminates  the  plastic 
deformation  of  the  alloy  v/hen  a stress  induced  brittle  hydride 
forms  and  underijoen  cleavaqe.  This  occurs  at  a stress  concen- 
tration which  may  result  from  notches  or  dislocation  pilcups 
and  at  a rate  which  is  determined  by  diffusion  of  tlio  hvdroqcn 
to  the  stress  concentration.  Track  propoqation  occurs  bv  repeat- 
ed formation  and  cleavaqe  of  the  hydride.  The  thermodynamics 
of  the  ecjui librium  between  the  solid  solution  anil  the  hvdride 
is  affected  by  the  stress  field  at  the  crack  tip  with  tension 
stresses  increasing  the  hydride  solvus  temperature.  The  strain 
to  failure  reflects  the  temperature  and  flow  .stres.s  since  plastic 
flov/  follov/ed  by  ductile  fracture  will  occur  unless  the  hydride 
is  formc'd.  On  the  basis  of  this  mechanism,  the  ductile  - cleavage 
t rari.s  i t ion  corresponds  to  the  hvdride  solvus  ti'niperaturo  under 


t hi'  !.(ii*s:;  fit'll  .il  th** 


ct.icl;  t ip. 


(y.  i) 


At  ('U'V.ittjtl  t«.’ni:n*raturi*s  two  hyilr  iflor.  f.iii  form  from  Lho 
u’  solid  solution  iitvl  qivo  rist*  t o ombr  i L L 1 finont  , t.hf  p phase 
Cfnti'ti'tl  itround  hhll  and  the  'i  phase  ('«>nterfd  aroimd  JJbll^.  The 
t.c.  orthorhombic  p phase  forms  from  the  u'  phase  with  about  a 
2o  volume  i ncroase . ^ ^ The  ^ hydride  has  a cubic  flouritc 
structure  and  forms  from  the  a'  with  about  20'i  increase  of  the 
molal  volume  at  200  influence  of  an  external 

ti'nsilc  stress  on  the  etjuilibrium  between  the  u'  solid  ?;olu- 
tion  and  the  and  y hydrides  can  be  calculated  by  applying 
the  thermodynamics  of  stressed  sol  ids as  discussed  for  the 
a-p  equi  1 ibr  ium . ^ ^ ^ ^ Usinq  the  aopro.ich  of  Hirnbaum  et  al.^^^^ 
stress  induced  increases  in  the  a*  — l>  solvus  tem.peratures  can 
be  estimated  to  be  about  25  C for  a biaxial  tensile  stress  of 
p/30.  This  increase  is  considerably  smalU.'r  than  the  observed 
difference  between  the  c?xperimenta  I ly  observed  a'  — u'  + p 
solvus  under  zero  external  stress  and  the  curve  which  bounds 
the  ductile-brittle  transition  (Fiq.  1).  It  therefore  appears 
that  stress  induced  p hydride  cannot  account  for  the  hiqh  temper- 
ature fracture  transition. 

Since  the  a'  - y transition  is  accompanied  bv  a much  qreater 

volume  increase  than  the  a'  - ^ transition  it  is  expected  to 

exhibit  much  qreater  increases  of  the  observ'ed  solvus  tempera- 

(17) 

tures  with  external  stress.  Applyintj  the  thermodynamics  of 

stressed  solids  to  the  u.'  - y equilibrium  results  in  the  follow- 
inq  expression  for  the  increase  in  solvus  tempc'ratures  due  to 
the  reversible  work  done  by  an  externiil  biiixial  stress  field: 


A 


II 


s ‘s 


A.V_ 

3'R(V-lnC„) 


(1) 


whore  j is  the  principal  norr’.il  stress,  AV  is  the  molal  volume 
increase  on  forminq  the  ) hydride  from  the  u'  solid  solution, 

Cjj  is  the  mole  fraction  of  the  hydroqen,  I'  is  the  activity  coef- 
ficient of  H in  a'  and  T“  and  T°  are  the  a*  - Y solvus  tempera- 
tures for  the  constrained  hydride  under  zero  stress  and  under 
a biaxial  tension  stress  field.  If  a*  is  assumed  to  be  an  ideal 

1 

solution  the  solvus  temperatures  which  result  from  this  calcula- 
tion are  shown  in  Fig.  6 for  an  external  stress  of  p/30. 

I The  derivation  of  Rqn.  1 assumes  that  the  elastic  and  plas- 

tic accommodation  processes  are  not  affected  by  the  external 
' stress.  In  addition  to  the  increase  in  the  solv'us  temperature 

given  by  Eqn.  1,  the  stress  can  also  decrease  the  accommodation 
free  energy  by  aiding  the  formation  and  motion  of  the  prismatic 

(17) 

dislocations  necessary  to  accommodate  the  molar  volume  increase. 
This  non-equilibrium  effect  can  further  increase  the  observed 
solvus  temperature  towards  T°,  the  equilibrium  solvus  tempera- 
ture for  the  unconstrained  hydride  under  stress.  This  tempera- 
ture is  the  upper  limit  for  the  stability  of  the  y hydride 

under  stress.  The  free  energy  of  these  elastic  and  plastic  ac- 

(17) 

commodation  terms  can  be  estimated  bv: 

2 

^^ACCO.M  " 1 a ^ cal /mole,  (2) 

4 11 

where  u = 1 + p = shear  modulus,  p = bulk  modulus. 


molvir  volume  oh.unio  on  fonnin<i  f i oin  u* 


<uul  i::  t hc! 


>y 


nol  ir  volume  of  the  u'  solid  solutif^ri.  Thf*  f rer-  f'ncTijy  of 
formation  of  the  oonstrained  i ti  the?  al)£ic*noo  of  strorjf;  can 
bo  estimated  from  the  observed  u'  - 't  solves  to  be  about 
1800  cal/mole  and  therefore  the  total  free  enerqy  chanqe  at 
the  u'  - V transition  in  the  absence  of  any  volume  constraints 
is  = 4000  cal/mole.  The  equilibrium  solves  temperatures 

for  unconstrained  •)  in  equilibrium  with  a',  T®,  can  be  deter- 
mined from  the  followinq  expression: 


AG 


a 


= 4000  cal/mol€i  - 


2RT“  Ind 


(1) 


and  are  shown  in  Fig.  6 as  are  the  eejuilibrium  unconstrained 
solvus  temperatures  under  a biaxial  tension  stress  of  p/,10, 

T^  j which  are  calculated  from  Ecin.  ]. 

The  u'  is  metastable  between  Tp.  and  T^  at  zero  stress. 

S e 

The  application  of  an  external  tensile  stress  increases  both  of 
these  solv'us  temperatures  an  equivalent  amount  to  T°  and  T°. 
Since  the  external  stress  does  not  decrease  the  accommodat ion 
free  enerqy  terms  completely,  the  observed  solvus  temperature 
will  lie  between  Tp  and  T^.  The  experimentally  observed  ductile 
clcavaqe  transition  temperature  lies  between  T^  and  T^^  as  shown 
in  Fiej.  6.  Therefore  the  f)hase  field  which  corresponds  to  the 
observed  cleavaqe  fractures  lif.'s  within  the  region  in  which  > 
hydride  can  be  formed  under  an  afjplied  tonsllc'  stress  and  the 
fracture  transition  temperature  can  be  considered  to  be  the  sol 
vus  t<>mpcrature  undcjr  stress,  'I’P . 


The  inert'asinti  difference  be 


t.WfOti  t }i«'  (UlcLili'  - c I cvtvti<?i‘  f run.s  i t ion  t('inpr>r<;i  I ii  rf* , whicii  cor- 

rc'sporuls  to  T^. , .ind  .ihovo  4nO”C  mny  ro.nult  f rf^m  the  do-crtvis- 

itid  yiold  strormth  with  inorras  i iicj  tcmfjor.it  uro  k i nco  T°  fiopondy 

on  St  rosy,  "The  stresses  nttainc'd  prior  to  ductile  rupture 

arc  expected  to  decrease  as  the  test  temperature  is  increased. 

The  fracture  behavior  observed  in  Nb-H  alloys  at  elevated 

temperatures  can  be  accounted  for  by  stress  induced  hydride 

at  the  advancing  crack  front  in  a mechanism  similar  to  that 
(23) 

shown  to  account  for  the  low  temperature  embrittlement. 

This  fracture  mechanism  suggests  that  at  test  temperatures  below 

T^  the  \ phase  can  be  formed  at  stress  concentrations  due  to 

the  effects  of  €!xternal  stress  on  the  a \ phase  equilibria. 

(15) 

The  Y hydride  is  known  to  be  a brittle  phase  which  there- 

fore cleaves  after  precipitation.  The  process  is  then  repeated 
at  the  new  crack  front  and  the  cleavage  crack  propagates  at  a 
rate  which  is  controlled  by  diffusion  of  hydrogen  to  the  crack 
tip  and  the  formation  of  the  y hydride. 

The  isothermal  concentration  dependence  of  the  fracture  be- 
havior at  300°C  can  be  accounted  for  bv  this  model.  At 
(Fig.  6) , T > T°  so  that  stress  induced  precipitation  of  y can- 
not occur  prior  to  ductile  failure.  At  a concentration  such  as 
Q.2>  T°  > T > Tg  at  the  maximum  stress  reached  during  deformation 
and  ductile  failure  again  follows.  At  C > C^f  T < Tg  at  the 
stresses  attained  prior  to  ductile  fracture  and  precipitation  of 
y followed  by  its  cleavage  occurs  leading  to  cleavage  fracture 
after  plastic  deformation.  Since  work  hardening  is  required  to 
roach  the  stress  to  form  y,  the  strain  prior  to  cleavage  failure 

will  decrease  as  C^.  is  increased  and  the  undercooling  (T°  - T) 

H G 


i iK’ifMst'i: . 'I'iu'  strain  uiiijr  t(j  t r.ict  ur<.>  v/i  I 1 also  dfcro.iso  as  <i 

li'S.iilt  of  t lu’  i noroasccl  flow  sties;:  v.hich  ac’ooiiipan  Los  incroas- 

in<!  hyciroqoii  concon  t la  L i on  and  f I'om  anv  othor  solution  stronit.h- 

i ncj . A similar  soquoncc  of  hi'h.ivior  Ctin  bo  obsorved  on  docreas- 

inq  tho  test:  tempera  t uro  at  constant  (’jj.  Thus  the  exporiraental  ly 

obsorved  behavior  is  consistent  with  this  moch.inism.  Cleavaeje 

fracture  due  to  tho  stress  induced  precipitation  of  tho  y phase 

is  expected  to  be  relatively  continuous  and  rapid  as  a result 

_r 

of  the  high  hydrogen  diffusivity  in  these  alloys  (I)  ;j  2 x 10 
2 (18) 

cm  /sec.).  Once  a stress  which  is  sufficient  to  stabilize  th( 

y phase  is  achieved,  the  macroscopic  ductility  will  be  terminated 
by  continuous  precipitation  and  cleavage  of  y at  the  advancing 
cr^ick  tip.  The  observed  [110]  cleavage  planes  should  corrosoond 
to  y hydride  cleavage  plane. 

Tho  temperature  and  concentration  dependence  of  the  yield 
strength  (Fig.  'S)  is  also  consistent  with  tho  stress  induced  y 
hydride  formation.  Tho  increased  yield  stros.s  in  tho  tempera- 
ture-composition range  which  is  characterized  by  cleavage  frac- 
ture mciy  be  due  to  y precipitates  which  form  in  the  tension 

stress  field  of  dislocations  and  act  as  effective  pinning  points 

♦.  T 1 4-'  4--  (19) 

to  dislocation  motion. 

5.  CONCLUSIONS 

Tho  Nb-H  alloys  having  compositions  H/Nb  > 0.3  were  shown 
to  fail  in  a cleavage  mode  at  temperatures  loss  than  450  C.  The 
strain  to  failure  decreased  as  tho  temperature  decreased  and  as 
H/Nb  increased.  Measurements  of  the  fracture  surface  energy  of 
tho  alloys  which  failed  by  low  ductility  cleavage  gave  values 


v/hic'h  were  typictil  of  b.c.c.  mc't.il  surfacx-  onor<iif;i:.  Ilyrlro- 
<;on  in  solid  solution  doos  not  ai)pcar  to  dc'crcaso  the;  effec- 
tive surface  enerqy  of  the  niobium. 

The  experimental  results  were  ^iccounted  for  bv  a stress 
induced  hydride  fracture  mechanism.  In  the  high  temperature 
range  it  was  shown  that  the  hydride  associated  with  the  frac- 
ture was  most  likely  to  be  the  y NbH2  hydride  and  that  it  could 
bo  stress  induced  over  the  temperature  and  composition  ranges 
in  which  cleavage  fracture  was  observed. 
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Fiq.  3 


P’  i q . 4 


the  hiqh  temperature  alIf)Yri.  The  data  arc'  Kupetim- 
poseci  ev'i'r  the  Nh-M  phaKe  diaqram  (after  Valter  and 
Chandler  Ref.  'i)  . The  dotted  line.*  {••••)  indi  crates 
the  ductile  - cleavaeje  fracture  tricnsi  t ic^n . The 
type  of  fracture  morphcjloqy  observed  is  indicated  at 
each  data  point  with  (c ) denotinq  ductile  failure  and 
(o)  denotinq  cleavage.  (A)  denotes  ductile  failure 
and  (v)  denotes  cleavage  in  cold  workc'd  niobium  speci- 
mens; (+)  denotes  ductile  failure  and  (*)  denotes 
cleaviige  in  deuterium  dejped  specimens.  The  percent 
strain  to  failure  is  c/iven  next  to  each  data  pcjint, 

N.M.  indicates  the  str^iin  to  failure  was  not  measured. 

o -4-1 

All  tests  were  run  at  c - 5 x 10  sec 
. Fracture  surfaces  of  niobium-hydrocjc'n  al  loys  tejsted 
at  300  C.  The  f rac'tocjraphs  are  from  specimens  tested 


at  compositions  of  (a)  Nbllj^  (b)  Nbll^^  (c)  Nbll^  ^ 

.-4  -1 

, n T-  V I I — — — 

0.93' 


and  (d)  NbH^  at  ? = 5 x 10  sec 


. Fracture  surface  of  n lobium-hydroqen  alleys  tented  at 
a composition  of  Nbll^  The  f raertoqraphs  are 

from  specimens  tested  at  (a)  130  C,  (b)  100  C,  (c)  200  C, 
(d)  300  C,  (e)  400  C and  (f)  450  C,  at  = 5 x lO”'’  sec~^  . 
Fracture  surfaces  of  Nbll^  ^2  single  crystals  tested  at 
138  C within  the  u’  phase.  The  fracture  pianos  shown  are 
the  {u)  illO]  and  (b)  [100].  The  <irrows  indicate  the 

position  of  the  spark  eroded  precrack.  Flectron  channel- 


10 


Fill.  5 


P’  i cf  . 6 


1 i tii;  [ >. 1 1 t • -r ii;-.  n.idf  tic.ir  t hf  nolfli  lof)*  tii  <'  f:h'>v/ii  in 
(c?)  .ukI  (fi)  tor  t !i>'  illOj  .tnd  t 1 0*^1^  f i .ict  in'<*  jil.infu, 

I I'i'.pt'ct  i vi- 1 y . 

Tlu'  tonsilc?  yic'ld  5;t  rc'n'itli  of  t.hc  hiqti  t (•inf)i.T.iturc 
alloy.';  vf,  temfJcraLuro  and  compo.s  i t.  i on  . The;  to.st 
tompc'ra t uro  is  indicatt'd  for  each  rurvo.  To.sts  wore 
run  ati,  = 0xl0  see 

Th<’  effect  of  stress  on  the  Nh-H  phase  diaqrarn  in  the 
vicinity  of  the  u'  ♦ > solvus.  The  ecju i 1 i br i urn  solvus 
temperature  for  -y  hydride  in  the  absence  of  volume  con- 
straints \;as  calculated  usinq  Ecj.  (3)  and  is  shown  ns 
(-•  — •-)  . The  inert-ase  in  both  the  experimental  solvus 
nnd  the  equilibrium  solvus  duo  to  the  reversible  work 
done  by  a biaxial  tensile  stress  of  p/30  was  calculated 

from  Kci.  (1)  and  is  shown  as  ( ) and  ( ), 

res[)ectively . The  clcavaqe  fracture  transition  is 
shown  as  {••..). 
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The  deformation  behavior  in  n iob  i lan-hyd  rop.en  alloys  was  investigated  in 
the  temperature  range  125  - 500  C and  at  compositions  up  to  H/NT)  of  0.9.  Higii 
temperature  tensile  tests  and  f ractographlc  stupes  were  applied  to  determine 
the  fracture  mechanisms.  it  is  shown  that  at  T ^:  450  C and  H/Nh  ^,0.3  fracture 
occurs  by  a cleavage  mode.  3 be  mechanism  of  this  high  tiinpe  r:.tu  re  hydrogen 
embrittlement  is  discussed.  The  fracture  mechanism  is  shown  to  he  consistent 
with  till*  stress  induced  formation  and  cleavage  of  Nbllo. 
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